The Lesch-Nyhan (LN) syndrome is a severe X chromosome-linked disease that results from a deficiency of the purine salvage enzyme hypoxanthine phosphoribosyltransferase (HPRT). The mutations leading to the disease are heterogeneous and frequently arise as de novo events. We have identified nucleotide alterations in 15 independently arising HPRT-deficiency cases by direct DNA sequencing of in vitro amplified HPRT cDNA. We also demonstrate that the direct DNA sequence analysis can be automated, further simplifying the detection of new mutations at this locus. The mutations include DNA base substitutions, small DNA deletions, a single 1)NA base insertion, and errors in RNA splicing. The application of these procedures allows DNA diagnosis and carrier identification by the direct detection of the mutant alleles within individual families affected by LN.
Inactivation of the human hypoxanthine phosphoribosyltransferase (HPRT) gene (1) leads to the Lesch-Nyhan syndrome (LN), an X chromosome-linked, genetically lethal, neurological disease (2) . Partial HPRT activity results in a severe form of gouty arthritis (3) . Both conditions are characterized by elevated levels of uric acid in serum, and LN is also associated with choreoathetosis, spasticity, mental retardation, and a bizarre form of self-mutilation.
Approximately 15% of LN patients have major gene rearrangements that can be detected by Southern analysis (4) . The majority of cases have normal size and amounts of HPRT mRNA when analyzed by Northern analysis (4, 5) , but :35% of these reveal molecular lesions when assayed by ribonuclease digestion of RNARNA heteroduplexes (6) . Only a small percentage produce detectable HPRT protein (5) . Overall, these data indicate a heterogeneity of mutations in the disease, with a preponderance of single DNA base changes. In combination with a paucity of informative polymorphic DNA markers at the HPRT locus, the mutational heterogeneity has considerably hampered the application of DNA-based techniques to LN family analysis.
Recent developments in DNA technology have greatly increased the simplicity and speed with which single base changes in human DNA can be identified. In particular, the development of the polymerase chain reaction (PCR) (7) (8) (9) has provided a procedure to enrich for a specific cDNA so that DNA sequence analyses may be performed without the need for time-consuming library construction and screening (10) . Fluorescently labeled DNA oligonucleotides have been combined with dideoxynucleotide termination DNA sequencing and real-time laser gel scanners to automate DNA sequencing of cloned materials (11) . When a DNA sequence change is identified, the mutant allele can be detected by differential hybridization to allele-specific oligonucleotides (ASOs) (12) . We have adapted and extended these procedures to detect LN mutations by automated direct DNA sequencing of PCR-amplified HPRT cDNA. These strategies now permit simplified diagnoses of the mutations in the majority of LN to initiate a second PCR containing only one of the original primers, which was in opposite sense to the DNA sequencing primer to be used. Apart from the absence of one PCR primer, the single strand-producing reactions were identical to the two-primer PCR protocol. Reaction products were concentrated by NH4OAc/ethanol precipitation and dissolved in a final vol of 10 ,u. DNA sequencing primers were radiolabeled at the 5' terminus as described (17 
RESULTS
In Vitro HPRT cDNA Amplification. The amplification of a 938-base-pair fragment (primers 581/365) containing the entire peptide coding region of the human HPRT cDNA (651 nucleotides) was achieved by using the equivalent of 0.5 ,g of total cellular RNA as starting material. The identity of the full-length cDNA amplification product (Fig. 2) was verified by hybridization to HPRT cDNA probes, by the altered size of products generated from a case with a known cDNA deletion and by direct DNA sequence analysis (see below). Shorter regions of the HPRT cDNA could be amplified by other combinations of PCR primers shown in Fig. 1 Fig. 1 were occasionally required to clarify particular regions. Each of the mutations described here was identified by sequencing an entire 651-base peptide coding segment, with the exceptions of RJK 855, RJK 888, and RJK 951, where the analyses were restricted to regions surrounding previously identified RNase A cleavage sites (6) . Examples of manual direct DNA sequence analyses are shown in Fig. 3 .
Automated Direct DNA Sequencing. The automated DNA sequence analysis of the amplified HPRT cDNA was performed with a modest scaling up of the manual sequencing reactions. Twenty-one-base dye-labeled oligonucleotide primers (TAMRA058, FAM058, ROX058, JOE058) were constructed for the DNA sequence analysis of a 387-base fragment that was amplified from the HPRT cDNA by primers 244/243. An example of the analysis shows a 245-base segment in a sample derived from RJK 1784, including a T to C transition located 160 bases from the 3' terminus of the sequencing primer (Fig. 4) . A contiguous 205 bases were correctly identified in this sequence when one position that was posted as uncertain (?) by the computer software was manually edited, without reference to the normal HPRT cDNA sequence.
HPRT cDNA Sequences. The position and the individual sequence changes that were identified in 15 HPRT cDNAs are shown in Fig. 5 (Fig. 6A) were hybridized to oligonucleotide probes complementary to either the normal (Fig. 6B) or mutant (Fig. 6C) (24) . The clues to the functional significance of the other amino acid substitutions described here are not so obvious.
A 3-base deletion in RJK 855 is characterized by a short repeat sequence immediately adjacent to the deletion breakpoint, similar to those implicated in the genesis of deletions at the hamster adenosine phosphoribosyltransferase locus (25) . A possible mechanism for the GTT deletion is therefore strand slippage, where the GTT residues immediately preceding the breakpoint are mispaired and recognized as the bases that are ultimately deleted during replication. Strand slippage may also have given rise to the insertion of an extra G residue within a sequence of six consecutive Gs in RJK 866. The dinucleotide deletion in RJK 1332 does not appear to be associated with either a nearby repeat or any likely stable secondary structures. In contrast, the 13-base deletion I to 3000
Of __  ----'-,,,,,, ---T __ _,_, The automated direct sequencing of PCR amplified cDNA described here represents a considerable simplification of methods for analysis of LN mutations. The PCR amplification overcomes the limitations imposed by the low abundance of HPRT mRNA, which is further reduced in some of the LN cases described here (R.A.G. and P.-N.N., unpublished observations). RNA heteroduplex mapping previously identified and localized individual LN mutations, but DNA sequence analysis is required to define the exact nucleotide alterations (6) . Direct sequencing has the dual advantages ofobviating the cloning of PCR products into a DNA sequencing vector and eliminating the requirement to sequence multiple isolates to avoid DNA polymerase errors (28) . When all steps are carried out sequentially, an analysis can be carried out in 2 days. Much of the labor is devoted to the DNA sequencing reactions, the manipulation of polyacrylamide gels for autoradiography, and the entry of the sequence data into the computer. Therefore, the adaptation of automated DNA sequencing techniques substantially reduces the total number of manipulations required. An additional and somewhat unexpected advantage of the automated sequencing was the ease with which data from a position >200 bases from the DNA sequencing primer could be obtained. The 
